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CHAPTER 1 
GENERAL INTRODUCTION 
Dissertation Purpose 
The purpose of this dissertation is to describe and 
investigate innate genetic disease resistance using an 
evolutionarily unique population. The pathogen used within 
this model, Escherichia coli, is an infectious agent 
which can cause debilitating and often fatal diarrheal 
disease in neonatal and postweaning swine.^ The host 
population described, pigs of three Chinese breeds, were 
chosen because of limited reports of high levels of 
resistance.^ Chinese pigs are of particular interest because 
of their unique isolation from the world swine population 
until recent years. In 1989, due to changes in international 
trade relationships, Chinese pigs of three representative 
breeds became availcdale in the United States.^ It is 
expected that this information will further immunogenetic 
study of alternative disease control strategies. 
Problems to be Solved 
Research for this dissertation was initiated in 1989. 
The host small intestinal epithelial receptor had not been 
characterized, and the gene responsible for inheritance of 
the K88 receptor (or lack of receptor) which designates 
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resistance or susceptibility had not been identified. The 
resistance trait had been defined. Inheritance had been 
examined, and it was believed to be monogenic. 
This dissertation was undertaken to do research on three 
areas contributing to the overall understanding of KSS"^ E. 
colz-mediated diarrheal disease in swine as an example of 
innate disease resistance. The first study provides a 
phenotypic description of Chinese pigs. This required a 
large sample and was accomplished using a family genetics 
approach.* The second study describes an accurate antemortem 
assay to identify breeding animals and assist in disease 
studies through selected matings. Previously, in vivo 
studies were hampered by the lack of an antemortem assay. 
The third study describes the disease associated with each 
phenotype using the Chinese pigs thereby correlating the in 
vivo and in vitro methods used to phenotype pigs for K88* E. 
coli-mediated disease resistance. 
Oissezrbation Organi-zation 
The dissertation begins with a literature review which 
describes host-pathogen relationships, examples of innate 
genetic resistance in food animals, methods and approaches, 
definitions and examples of special populations. The 
literature review also provides background on Chinese pigs 
and K88 E. coli-mediated diarrheal disease in swine. Three 
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manuscripts follow the literature review. The first paper 
describes incidence of in vitro phenotypes for innate disease 
resistance status to K88* E. coli-mediated diarrheal disease 
in pigs of the Chinese Meishan, Fengjing and Minzhu breeds. 
The second paper describes an antemortem, rapid test method 
using milk to phenotype sows for disease resistance or 
susceptibility. The third paper describes disease resulting 
from experimental challenge of pigs of the phenotypes found 
in the Chinese pig resource population. The concluding 
chapter summarizes this work, speculates on short- and long-
term uses of the information provided herein, and discusses 
how this information fits into a generalized model of study 
of innate disease resistance. 
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CHAPTER 2 
LITERATURE REVIEW 
The host-pathogen relationships are one of the major 
adaptive achievements of living organisms.^ Existence of 
pathogenic organisms has generated some of the strongest 
selection pressures operating upon host populations, and has 
therefore played a major role in evolution. As a consequence 
of selection pressure, mechanisms to combat activity of 
infectious organisms have been developed. Study of 
host-pathogen relationships is multi-disciplinary 
encompassing transmission, epidemiology, mechanisms of 
infectivity, genetics, immunology and ultimately evolution. 
The result of interactivity of immune and genetic functions 
is disease resistance or animal health or, in reverse, 
disease susceptibility or infectious disease. 
Infectious organisms share the characteristic of 
requiring for part or the whole of their life-span to live 
within or upon the body of another organism. In the case of 
most pathogens, the host provides the whole or an important 
part of the environment. The host supplies molecular 
materials necessary for growth and reproduction of the 
pathogen and often regulates the developmental processes. 
Much of the literature regarding iiranunogenetic relationships 
concerns host-parasite relationships.^"® Parasitism has been 
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defined as the exploitation by one species of the environment 
provided by the body of another and is expanded to include 
bacteria, but not viruses as yet, because the genetic 
relationship of viruses with host organisms is qualitatively 
different from others.^ Immune responses to parasites differ 
from those to bacteria. Responses to parasites are generally 
thymus dependent and require initial presentations of antigen 
to thymus derived lymphocytes.^ K88 E. coli is one of the 
few classic bacteria excimples of genetically influenced 
host-pathogen relationships.' 
Infectious disease control strategies for food animals 
have depended on the following primeury factors; 
antimicrobials, pesticides, vaccination, isolation, and 
embcirgo or test and slaughter Still there are 
considerable losses to producer groups due to infectious 
diseases. In the past two decades, consumer concerns have 
been vocalized over the use of antimicrobials because of the 
possible development of resistant zoonotic organisms and the 
potential dangers of residual antimicrobials in food for 
human consumption. Economic, health, and environmental 
concerns have resulted in consideration of alternative animal 
health management programs. 
Cases of genetic disease resistance in food animals have 
been noted for many years.Breeding and selection 
attempts^® to produce naturally resistant animals to a 
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variety of infectious diseases have been inconsistent and 
only partially successful. Excimples of early breeding 
attempts include development of a strain of mice resistant to 
B. enterltidisf louping ill virus, encephalitis and 
Salmonellae'r^^ dairy cows resistant to foot and mouth 
disease;^® and swine resistant to Brucella suls.^^ 
Disease resistance or susceptibility is usually a 
combination of immunogenetic factors which predispose the 
animal to an infectious or non-infectious state when 
challenged with inoculum. Natural host-pathogen 
associations are the outcome of long evolutionary 
relationships. The pathogen has evolved the ability to 
establish and survive within the parameters determined by the 
host genotype. Susceptibility to infection implies that the 
given host can provide the infectious organism with all 
conditions it requires for growth, development, and 
reproduction. Many potentially susceptible hosts remain free 
of infection due to geographic location, distribution, and 
behavior. Natural or innate resistance is usually considered 
insusceptibility when exposure occurs.It can also be 
considered incompatibility of the host and pathogen. 
Innate resistance can be categorized in the following 
manner:^ 
1. Failure to gain access to the host's tissue because 
of impenetrable outer or inner surfaces. 
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2. Absence of appropriate receptors for attachment to 
and penetration of cell membranes, 
3. Failure to survive after gaining access to the body 
because of naturally occurring killing factors, 
4. Failure to undergo normal growth and development 
because of the absence of correct developmental 
stimuli or inadequate nutritional supply, 
5. Destruction of infectious organisms after entry into 
tissues by cells of the granulocyte and phagocyte 
series, and 
6. Evolutionary factors which include selective 
advantage resulting from increased reproductive 
potential for the pathogen. 
Natural barriers such as skin prohibit entry by many 
organisms. The integrity of skin depends upon it remaining 
intact. Cuts and abrasions provide entry points for 
organisms. Arthropods have piercing or cutting body parts to 
facilitate their association with a desired host. Some 
organisms such as rickettsias, malaria, and Leishmanla take 
advantage of association with arthropod hosts to gain entry 
to vertebrate hosts.Effectiveness of barriers varies with 
species and between individuals within a species and is 
influenced by factors such as age, sex, and hormones. Other 
examples of barriers include physiological and chemical 
characteristics, mucociliary mechanisms, and competition. 
8 
These barriers are often found in concert with the digestive 
and respiratory systems. 
Some organisms need to attach to cellular surfaces to 
continue their life cycle. Of the mechanisms which 
facilitate these relationships, those which require cellular 
attachment provide examples of genetic influence. Factors 
such as ligand-receptor mechanisms can influence attachment 
which in turn influences estciblishment of the pathogen in the 
desired intracellular or extracellular environment. 
Intracellular organisms need recognition of certain host 
cells and attachment to the appropriate cell to allow 
penetration of the cell membrane. This necessitates presence 
of the appropriate molecular mechanisms and/or structures on 
both the host and the parasite; for example, Plasmodium vivax 
penetration occurs in mammalian red cells where recognition 
is dependent on Duffy blood group antigens on the red cell 
surface." In the cibsence of these antigens, the cell is not 
invaded. 
A specialized form of recognition is used by some 
infectious organisms to take advantage of receptor-ligand 
binding principles to allow colonization of mucosal surfaces. 
For example, enterotoxigenic E. coll including pilus adhesion 
factor, KB8, K99, 987, or F41 requires the presence of a 
receptor on the epithelium of the host in order to attach and 
allow colonization and proliferation." Other pathogens 
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documented for this mechanism include Theileria,^^'^^ 
Schistosoma,^^ Trypanosoma.,^^ and Leishmania.^^ 
Various factors can result in the destruction of 
pathogens even if invasion is successful. Excimples include 
gastric hydrochloric acid, lysozymes, and serum components. 
The lytic action of serum factors, such as high density 
lipoprotein and complement, provides resistance to 
trypanosomes and other protozoa. Another example is the 
complement activation caused by pathogen surfaces. Over the 
course of evolution, some pathogens have developed structures 
to overcome interference by the complement such as 
extracellular glycoproteins or carbohydrate surface coats. 
Some pathogens require triggering by host-derived 
signals in order for development of some stages in their life 
cycles. Lack of the appropriate signals can render the 
pathogen ineffective in accomplishing a relationship needed 
to further its life cycle or makes the host resistant, as 
seen in intestinal pathogens. 
Inadequate nutrition can also block developmental 
factors in the pathogen. Nutrition inadequacies need only be 
of small dimensions to have a negative effect. The following 
are examples of this category of resistance. Host guinea 
pigs lacking serum asparagine are resistant to growth by 
Yersinia pestis.^ Malaria parasites will not grow in the 
host if the host is deficient in para-aminobenzoic acid.^ 
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Also seen with malaria parasites is host resistance 
conferred by inhibition of the parasite in red blood cells 
that contain mutant hemoglobin or are deficient in the enzyme 
glucose-6-phosphate-dehydrogenase.^ Some mouse strains have 
macrophage alterations which provides partial resistance to 
Lelshmanla." 
Convergence of immune (acquired resistance) and genetic 
(natural resistance) influences can occur. Classic 
immunogenetic interplay can be seen in parasitology as the 
parasite is foreign and therefore is antigenically different 
from the host, and non-immune and immune defenses are 
activated and interact to fight infection. Granulocyte and 
phagocyte actions may interact with immune function but are 
not dependent upon immune interaction. Molecular interaction 
can occur between phagocytes adhered to microparasites and is 
often combined with complement activation.^" Adherence can 
lead to phagocytosis and digestion. Some parasites 
capitalize on phagocytosis as a means of invading the host 
cell. Extracellular mechanisms of granulocytes and 
macrophages are effective against helminths and nematodes. 
Natural and acquired resistance can be differentiated by 
factors or mechanisms which occur in the absence of prior 
exposure to the invading pathogen and non-specificity. 
Acquired resistance mechanisms become operative after the 
host has experienced infection. If considered from the 
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evolutionary point of view, the underlying phenomenon of 
natural and acquired resistance shows selective advantage is 
not gained unless the association results in some increase in 
reproductive potential for the pathogen.^" Therefore, well 
adapted pathogenic organisms, staJaility of the host 
environment, and nutrient availability provide for efficient 
reproduction. The product is a host-pathogen relationship in 
which natural resistance does not operate. The pathogen 
needs to exist and be unaffected by host mechanisms which are 
effective against other organisms. Stability of the 
host-pathogen relationship would be maintained until a 
genetic change occurs in one of the partners. 
The genotype of each partner, therefore, is integral to 
the success of the relationship. The host genotype provides 
the environment for the pathogen. The pathogen genotype 
provides adaptive features necessary for life within the host 
environment. Therefore, these roles can be upset or reversed 
by genetic changes decreasing host compatibility or pathogen 
adaptability. If the genetic base is unchanged, the host 
must be able to counter through acquired resistance as a line 
of defense. Effectively this changes the phenotype of the 
host. It is very likely that the threat of infection by 
pathogens has been a major factor in the evolution of 
acquired immune response. 
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The larger and more complex the host, the more problems 
the pathogen encounters due to concentration of resources and 
the smaller number of host progeny. Heterogeneity within a 
host population will show the variability of the structural 
and physiological considerations. Some adaptaibility within 
the pathogen population limits fitness of the pathogen which 
in turn increases natural resistance. The opposite situation 
also holds true. Acquired resistance mechanisms regulate 
infections within the host across a broad spectrum of 
organisms. These mechanisms can influence all stages of 
immunity from initiation to expression. Viewing the host 
population for variation of the degree to which infection can 
be significantly controlled provides a view of the population 
genetic variation for resistance. 
Studies of innate genetic resistance in food animals are 
critically dependent on methods. Recently, there has been 
considerable progress in molecular biology techniques which 
have opened possibilities to identify specific genes and 
create genetic maps for domestic animals by identifying the 
chromosomal location of a large number of genes. 
Experience in livestock species other than swine have 
provided insight into the necessity of a combined approach®'® 
which incorporates basic science (molecular biology and 
techniques) with traditional breeding and selection methods. 
Regardless of alternative methods, all types of genetic 
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analyses are based on the assumption that animals can be 
identified as resistant or susceptible."'^® Examples of 
successful incorporation of molecular techniques with 
information (pedigree, gene identification, and diagnostic 
techniques) which was already availsJDle are leukocyte 
adhesion deficiency in Holstein dairy cattle (BLAD)^^ and 
hyperkalaemic periodic paralysis in Quarter horses (HYPP) 
BLAD is an inherited disease of dairy cattle in which 
leukocytes lack surface glycoproteins which are important in 
cell adhesion processes. BLAD is important as it mimics 
pneumonia and diarrhea and is fatal before adulthood. With 
test and pedigree information already available, molecular 
techniques made possible fuller understanding of the disorder 
and rapid eradication efforts. BLAD was shown to be the 
result of a genetic defect which results from an aspartic 
acid to glycine substitution at amino acid site 128 in CD18. 
The mutation responsible for HYPP was identified as a 
leucine substitution for phenylalanine in a transmembrane 
domain thought to lie near the cytoplasmic surface. HYPP was 
traced to a common sire who was found to contribute to the 
genotypes of 2.9 million horses. The unwanted allele was 
replaced with the help of proper tools which had only 
recently become available. 
One outcome of newly acquired molecular and genetic 
approaches is the possibility of transgenic or genetically 
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engineered animal strains. This area depends upon techniques 
which make possible the introduction of specific genes into 
the germplasm of another. Extensive testing has been found 
necessary so that favorable and unfavoraible effects of 
transgenics can be elucidated. 
Issues which must be considered in the study of genetic 
disease resistance include route of exposure to infectious 
agent, means to categorize severity of disease, genetic 
evaluation, and how resistant animals eire differentiated from 
susceptible animals." Exposure to the pathogen can be 
through natural (field) exposure or experimentally controlled 
inoculum. Advantages of controlled administration of 
inoculum include assurance of controls and uniform exposure. 
Field exposure provides the investigator ability to mediate 
information gained amongst varia±>les within the population 
observed. The dose of the pathogen used for challenge is 
usually chosen to maximize differences between resistant and 
susceptible animals, while approximating a natural exposure. 
Resistance and susceptibility may be graded by severity of 
disease induced in the animal or quantitatively by isolation 
of a specified number of organisms. In terms of genetics, 
studies can be designed using families to monitor inheritance 
of a trait through 2 or more generations and to determine 
dominance versus recessiveness, the number of genes 
influencing a specific trait, or to genotype animals to be 
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used as breeding stock for facilitation of subsequent 
research. Population genetic studies are designed to 
identify an association between 2 or more traits and to 
determine their frequencies in a population. 
Two primary approaches have emerged out of the many 
criteria and methods used to study genetic factors and their 
influence on host response to infectious organisms.^ The 
first is data collection from epidemiological surveys which 
attempt to demonstrate the existence of inherent differences 
in response to infection and to correlate such differences 
with known genetic relationships or genetic markers. This 
approach is the only one possible in humans and often the 
primary approach with domestic and exotic animals due to 
logistical and economic reasons. 
The second approach to have emerged is a laboratory-
based analyses of host-pathogen relationships in which both 
genetic factors and mechanisms of resistance can be 
manipulated experimentally. Often, in vitro experimentation, 
immunological assays, and laboratory experiments in 
specialized, defined populations are used with 
epidemiological studies to gain an overall view of phenotypic 
or genotypic traits. 
In order to demonstrate genetic differences to 
infection, large Scimple sizes within carefully chosen 
populations are needed. It is important within the resource 
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population under study that as many factors which might 
influence infection be controlled. These variables include 
sanitation, crowding, environment, nutrition, other health 
risks, etc. Lymphocyte studies have provided information on 
antigenic responses and have estaialished baseline or 
comparative standards within populations. Phagocytosis and 
cellular characteristics can be studied using cell cultures. 
Correlation between those different forms of study can be 
enhanced by identification and description of special 
populations and careful description of differences and 
characteristics of interspecies and intraspecies mechanisms. 
For example, studies have been conducted using mutant mice 
that lack thymus and T cells (nude mice) which allow 
extrapolation from the experimental animal to the general 
population. However, such studies must be tempered with the 
understanding that macrophage activation occurs at higher 
levels in nude mice.^ 
Special populations have been developed or observed with 
which to accumulate or verify genetic information on innate 
resistance/'*"*' Outbred stocks have been widely used in 
biomedical research. An outbred stock is one which is 
genetically heterogeneous. They are usually maintained as a 
closed colony, the degree of genetic heterogeneity is 
unspecified, and the stock is usually segregating for a range 
of genetic markers. They can be used as a base population 
17 
for development of new strains or can be used in preliminary 
studies aimed at defining population characteristics.^ 
Outbred stocks have been used to study glucose/glutamine 
substrate effects on embryos,"® litter effects on breeding 
parameters/' and cardiac myosin heavy chain gene 
distribution. 
Inbred strains are produced as a result of breeding 
littermates over many generations. Twenty or more 
generations of inbreeding may be involved. The effect of 
such inbreeding is to fix some of the loci which are 
segregating in the base population as homozygous. All 
animals are genetically identical or isogenic. A strain is a 
unique combination of genes from the original population.^ 
Inbred lines have been used for the study of plants, mice, 
chickens, and swine. Use of inbred lines have been described 
including a method to estimate the number of loci which 
contribute to quantitative variation.'^ Inbred strains have 
been useful in the research of plants^^*^^ basic genetic 
studies conducted with Drosophila. melanogaster 
chickens,and mice.''"" Inbred lines developed in swine 
have been used to gather information for human medicine as 
well as for extrapolation to domestic swine. Examples of 
studies performed using miniature pigs include immunological 
status,®^ tissue distribution of IgA and IgM,®^ an animal 
model of irradiation effects with UVB and UVA light, 
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glucoregulatory function of thyroid hormones,®'' intestinal 
absorption of dietary folates,®' bacterial phagocytosis and 
monocyte killing,®® antibody and cell mediated immune 
responses,®' embryo collection and transfer,®® diagnostic 
potential of antigens for detection of African swine fever,®' 
a pig model on pneumonia septicemia,'" statistical models for 
estimation of swine birth and weaning weights,'^ a pig model 
on autotransplants and antibody and cell-mediated immune 
responses to Salmonellae typhimurlum 
Congenic strains maJce possible studies on the biological 
effects of different alleles at the differential locus.^ 
Examples of research uses of congenic stock include study of 
immunopathogenesis of autoimmune insulin-dependent diabetes'" 
and recessive susceptibility at multiple genetic loci for 
insulin-dependent diabetes mellitus.'^ Porcine research has 
used inbred stocks for studies such as those on xenoreactive 
cytotoxic T lymphocytes.'® 
Recombinant inbred strains are developed from crossing 2 
standard inbred strains to produce F1 and F2 animals. 
Parallel inbred strains are produced from littermate matings 
from the F2 generations. These strains can be used to 
identify 2-locus inheritance.^ 
Combinations of these populations are often used to 
answer specific research questions. Outbred and inbred lines 
were used to study toxicity of 2-4,5 trichlorophenoxyacetic 
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acid," and study of N-acetyltransferase activity was 
performed using inbred and hybrid lines.'® Swine poxvirus 
was studied through the use of inbred miniature pigs and 
crossbred lines." Other special populations which may be 
useful for study are mutants, selected breeding strains 
developed from outbred stock, and evolutionarily unique 
populations. 
Genetic models have successfully bridged information 
between genetics, immunology, and other biological sciences. 
Gavora and Spencer® suggested that there are many steps in 
strategizing research approaches involving disease resistance 
genetics. No matter where the research strategy is 
initiated, it concludes with direct selection, indirect 
marker assisted selection, or gene transfer. A resistance 
trait is defined and leads to study of inheritance. 
Inheritance is defined as polygenic or monogenic. If 
monogenic, the next stage may be a search for markers or gene 
transfer (conditional on availability of technology). Gene 
transfer may be coupled with design of new resistance 
mechanisms. If inheritance is defined as polygenic, 
redefinition or further definition of the trait may be 
necessary. Afterwards, search for quality trait loci or 
markers can occur leading to direct selection or indirect 
marker assisted selection. This is a general model which has 
been useful for avian and other livestock species. 
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Models have covered a breadth of interests. The 
following are only a few examples of how special populations 
have been used to develop an animal model to further 
scientific research. Denholm et al.®° addressed insect 
resistance-countering strategies by discussing theoretical 
models used to predict gene frequency expected under 
selection. In addition to the insect/insecticide information 
provided, the approach to modeling provides much insight into 
methods. Denholm et al.®° remarked on the transition from 
generalized to more specific modeling of resistance and the 
need for realistic evaluations of potential resistance 
tactics and the requirement for extensive, detailed 
experimental work to relate treatment parameters to selective 
effects on the population. The genetic constitution of the 
host was recognized and documented a long time ago.^" 
Reliance on models and specialized populations has resulted 
in the progressive advancement of resistance. Theoretical 
demonstration of the evolution of resistance in populations 
to pesticides has provided insight into theoretical models 
and field trials to assess feasibility of ideas and decisions 
on practical problems to assess the degree of protection 
conferred by resistance genes in field conditions.®^ Arnason 
discussed a model of parasite host systems.®^ Experiments to 
permit direct estimation of genotype frequency and host death 
rates are examined along with importance of successive 
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exposures of pathogen to hosts to heterogeneity and 
demographic factors. In failure, if approached objectively, 
often information can be gathered. DuPlessis et al.®^ 
outlined at attempt to establish an inbred line of mice 
genetically resistant to Cowdrla rumlnantium which failed. 
The overall purpose of this study was to evaluate natural 
resistance of cattle to heartwater (also sheep and goats). 
This study revealed that a single or few autosomal genes are 
probably involved in determination of resistance and that the 
gene would appear to have incomplete penetrance. The 
resistant line was probably lost due to loss of fitness 
through inbreeding. The gain from this situation was insight 
into comparison of pathogenesis in a model of inbred lines 
for resistant versus susceptible mice. Reinisch and Litman®" 
discussed insights into the genetic mechanisms influencing 
evolutionary diversification of immunological function. 
There are concerns over use of models and the forms of 
methodology outlined here. Genetic approaches are not 
usually absolute. The need for combined approaches has been 
demonstrated in diseases such as Mareks disease in poultry in 
which a combined approach of selection for natural resistance 
and vaccination has been found to provide a workcible 
solution.' There is also concern over whether production 
traits may be compromised in the pursuit of innate resistance 
to diseases." Another legitimate concern is the possibility 
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of an antagonistic correlation between enhanced disease 
resistance and production trait(s). These concerns accent 
the need for full information and preliminary studies before 
pursuing control strategies. 
Approaches needed to overcome negative correlations 
include the following: 
1. testing unrelated breeder stock for the correlation 
between resistance and production traits; a negative 
correlation in one set of breeder stock does not 
imply a correlation in others; 
2. surveillance of breeding stock for animals that have 
und.ergone genetic recombination that resulted in 
reassortment of genes for resistance or production 
traits. This area can be assisted by genetic maps. 
And, 
3. identification and isolation of specific genes 
conferring resistance; transference of resistance 
genes into embryos so that only the desired trait is 
put into the genome of the host population. 
Another concern elucidated by Templeton et al." is the 
generality of disease resistance. Some studies have 
demonstrated feasibility of breeding animals for resistance 
to a single pathogen while others have demonstrated breeding 
for resistance to a pathogen which also results in resistance 
to other pathogens. Examples of this include resistance to 
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both Osterstaia circimclncta and Haemonchus contortus in 
sheep®' and resistance to unrelated intracellular pathogens 
by Lsh and Lps genes.®®'®' 
Chinese pigs have been used in a variety of enlightening 
studies. Specificity of excretory-secretory antigens from 
pre-encysted larvae from Trichinella spiralis was examined by 
immunoblotting, SDS-PAGE, and Triple Antibody ELISA and 
showed lower sensitivity euid specificity when tested against 
common nematodes of Chinese pigs®®. Low molecular mass 
proteins were also documented. Highly prolific breeds of 
Chinese pigs have been investigated for reproductive 
performance in pigs including factors from testis size to 
molecular markers.®' Potential for reproductive improvements 
using pigs of Chinese breeds crossbred with pigs of domestic 
breeds have also been studied with some success.'" 
Chinese pigs have also been studied to gain perspective 
on the relationship between breeds and genetics across the 
genus suls. Wild pigs from New Guinea, China, and the French 
Antilles were compared with Landrace pigs to evaluate 
R-banding patterns and were found identical despite 
historical and geographic differences. While some chromosome 
homologue differentiation was noted, confirmation of 
polymorphism of nucleolar organizers in different pig breeds 
has been documented'^ making extrapolation between breeds 
closer than from inbred strains or other populations. 
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Evolutionary significance of Chinese pigs has been 
studied through the comparison of domestic pigs from 
southwest China and wild pigs from Sichuan, China, and 
Vietnam for 20 restriction endonucleases which recognize six 
nucleotides.'^ Genetic distances among groups were 
calculated to define phylogenetic relationships. Comparison 
of breeds of Chinese pigs, Japanese pigs, and European pigs 
was described including mutational host spots of mtDNA which 
could be used for further study. 
A specific example of use of these evolutionciry 
relationships was seen in the study of gene frequencies for 
6-phosphogluconate dehydrogenase (PGS). PCS was a common 
variant in all Sus genus species and suggested that this 
variant appeared before other alleles during evolution of the 
Sus genus. 
K88 Escherichia coli bacteria and swine form an 
interesting host-pathogen pair for several reasons. This 
pair serves as an example: 
1. of genetically determined innate resistance, 
2. of the receptor-ligand mechanisms, 
3. of a bacteria pathogen in a genetically determined 
relationship, 
4. of variation in both the host and pathogen and 
5. where the desired trait, resistance, is recessive.^ 
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Some strains of Escherichia coll have a cell-surface 
antigen called K88 which enables the bacteria to attach to 
the small intestine epithelium which is followed by pathogen 
proliferation, production, and release of enterotoxins 
Diarrhea results which can lead to 90% mortality. Variation 
occurs in the pathogen as some strains lack the K88 antigen. 
Adherence, colonization, and release of enterotoxins does not 
occur; therefore, those KB8" Escherichia coll are 
non-virulent." Variation occurs in the host as some pigs 
have the receptor which allows adherence while some pigs lack 
the receptor which prevents adherence and subsequent 
disease.'® 
Host resistance was determined to be under monogenic 
control. Resistance to K88 E. coli-mediated disease is 
thought to be due to a lack of the receptor required for 
adherence and is attributed to homozygosity for a recessive 
gene annotated as s." Susceptibility results from 
homozygosity for the dominant gene, S , or heterozygosity. 
Why the susceptibility gene has remained present in 
domestic swine populations was initially perplexing. It is 
now understood that if the resistant gene is new to a 
population making the predominant phenotype susceptible and 
an outbreak of K88* Escherichia coll occurs, then there will 
be selection pressure against the dominant gene 
(susceptibility) in favor of the recessive or resistant gene. 
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Susceptible sows will mount an immune response and pass 
antibodies through colostrum to their piglets. The selection 
pressure lessens against the susceptible genes soon 
afterwards. Elimination of the dominant, susceptible, gene 
does not occur, and the percentage of sows with the resistant 
gene will be reduced. Resistant sows challenged with the 
bacteria will not develop disease nor antibody to pass on to 
their piglets. Piglets from resistant sows are therefore 
unprotected by colostral antibody which poses a problem for 
any heterozygote progeny but not resistant (homozygous 
recessive) progeny. The genotype of the boar, therefore, is 
important for selection decisions. Piglets which are 
heterozygotes and whose deuns are of susceptible phenotype for 
this trait are the most protected when a challenge occurs in 
a herd of mixed genotypes. Selection against heterozygotes 
will stop when bacterial challenge stops. 
Therefore, for most domestic herds the incidence of 
resistance will depend upon the epidemiological status of the 
herd at the time of testing based on the most recent 
challenge by KSS"^ E. coll and the selection pressures on the 
gene for resistance in the sows. There will be an ebb and 
flow of genotypic frequencies in herds compounded by use of 
antimicrobials and vaccination policies. This makes the 
opportunity for use of a special population such as Chinese 
27 
pigs, once fully characterized, a unique opportunity for 
experimental research. 
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CHAPTER 3 
RESISTANCE OF CHINESE MEISHAN, FEN6JIN6, AND MINZHU PIGS 
TO THE KSSac"^ STRAIN OF ESCHERICHIA COLI 
A paper published in the 
American Journal of Veterinary Research^ 
Rita D. Michaels;^''' Shannon C. Whipp;^ Max F. Rothschild^ 
Introduction 
Scours has consistently been identified by producers as 
a primary infectious disease responsible for poor health and 
death losses in pigs. It is responsible for 57% of neonatal 
and postweaning pig illness.Escherichia coli is a major 
cause of diarrhea in swine, affecting approximately 20% of 
newborn and baby pigs in the United States. The E coli 
strain KSS"^ is estimated to be responsible for 50% of the 
diarrhea in neonatal and postweaning pigs. ^ 
Susceptibility to the K88* strain of E coli is a 
genetically determined trait. Resistance or lack of the 
^Reprinted with permission from American Journal of 
Veterinary Research 1994, 55, 333-338. Copyright 1994 
American Journal of Veterinary Research. 
^From the Physiopathology Research Unit, US Department 
of Agriculture, Agricultural Research Service, National 
Animal Disease Center, PO Box 70, Ames, lA 50010. 
^From the Department of Animal Science, Iowa State 
University, Ames, lA 50011. 
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receptor for KB 8"^ E coli is thought to be inherited via an 
autosomal recessive gene." Homozygous dominant and 
heterozygous individuals are susceptible, whereas homozygous 
recessive individuals are resistant. There appears to be 
linkage with transferrin, although to the authors' knowledge, 
the locus has not as yet been mapped." Two phenotypes, 
resistant and susceptible, have been consistently documented 
and are believed to follow simple Mendelian inheritance.' 
The possibility of a third phenotype of weaJc adherence was 
proposed; however, neither the genetics nor disease 
expression was elucidated. On the basis of indirect 
evidence, Sellwood® suggested that weak adherence might be 
resistant. Later investigations resulted in the proposal 
that three serological variants of KB 8 antigen exist (K88aJD, 
KBBac, and KBBad)The relationship between a possible 
third phenotype and existence of serological variants has 
been questioned. Pigs of resistant and susceptible 
phenotypes with these variants were subdivided on the basis 
of adherence or nonadherence to those variants.® Further 
study of the serologic variants indicated differences in 
numbers of bacteria per brush border membrane, suggesting a 
weak adherent phenotype.® 
Differences in genetic resistance to K88 antigen in 
swine breeds have been doctamented. Results of studies of 
European domestic stock^°"^^ have indicated susceptibility 
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ranging from 40 to 88%. In a study of 237 Finnish Landrace 
pigs, 59% were resistant.^" 
In a study involving 459 Australian Large White and 
Landrace pigs, resistance rate of 12.2% was observed. 
Fifty-nine percent of 564 Swedish Landrace and Yorkshire-type 
(crossbred) pigs were resistant to K88* E coli.^^ Information 
on prevalence of susceptibility to this trait is surprisingly 
scarce in the United States and is principally anecdotal in 
nature. Possibly prevalence studies have been impeded by the 
lack of an efficient noninvasive antemortem method for 
phenotyping breeding stock. 
Past dictrrhea control strategies have concentrated on 
vaccine administration and antibiotic treatment. Consumer 
concern regarding antibiotic residues in carcasses, 
regulatory review of those residues in carcasses, new 
biotechnologies for genetic selection of 
disease-resistant,"'^® and possibilities for transgenic 
animals^^ have reinitiated interest in innate genetic 
resistance to disease. 
Genetics of Chinese pigs breeds are of particular 
interest, because centuries-old isolation from the world 
swine population make the Chinese pig genome a unique 
experimental resource. An initial report^® suggested the 
possibility of resistance to K88* E coli within the Meishan 
breed. Comparison of responses between germ-free. 
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colostrum-deprived Chinese Meishan and Jiaxing pigs with 
germ-free, colostrum-deprived European Large White pigs have 
indicated resistance (lack of receptor) in 6 of 6 Meishan and 
6 of 6 Jiaxing pigs, whereas only 7 of 15 Large White pigs 
lacked the receptor. This was further supported by-
comparison of Meishan and Large White pigs inoculated with E 
coli strains P2200, 431, 987, and VAC 1676."'® Intragastric 
challenge exposure of Chinese Meishan and European Large 
White pigs revealed Meishan pigs to be resistant to K88* E 
coli, but not to the other enterotoxic E coli for which 
genetic resistance has not been determined."'" Extrapolation 
of these results to the entire breed was limited because pigs 
were descendants of Chinese Meishan breeding stock consisting 
of only 3 females and 1 male pig received in France in 1979. 
The purposes of the study reported here were to 
determine whether intestinal receptors for KSSac"" E coli 
exist and, if so, to estimate the prevalence of these 
receptors in pigs of the Meishan, Fengjing, and Minzhu 
breeds. 
Materials eind Methods 
Chinese swine herd—Pigs from 3 breeds (Meishan, 
Fengjing, and Minzhu) were imported from the Peoples Republic 
of China (PRC) to the United States in 1989 under a 
cooperative agreement involving the USDA, Agricultural 
41 
Research Service (USDA-ARS), Beltsville, MD, the University 
of Illinois, Champaign-Urbana, and Iowa State University 
(ISU), Ames. The nucleus herd for ISU (22 Meishan gilts, 10 
Meishan boars, 8 Fengjing boars, and 7 Minzhu boars) was 
quarantined at the National Animal Disease Center before 
being moved to ISU facilities.Breedings were made to 
produce purebred Meishan litters and Chinese crossbred 
litters (Minzhu X Meishan and Fengjing X Meishan). All pigs 
reported herein are progeny of the original breeding stock 
from the PRC or are progeny of their offspring. Ten Meishan, 
8 Fengjing, and 7 Minzhu fcunily lines were represented within 
the nucleus herd- A family line was defined for the boars 
and gilts brought in from the PRC as having no common 
ancestor for a minimum of 2 generations. The pigs used in 
this study, therefore, were unrelated back to a min-inrnin of 3 
generations. Lines are designated alpheibetically for each 
boar and gilt. Fengjing sire lines were labeled from A 
through H. Minzhu lines were labeled as A, C, D, F, G, H, or 
I. Meishans were surveyed first because boars and gilts were 
available to produce purebred pigs. After observing that all 
Meishan family lines were resistant to K88^ E coli-mediated 
disease, surveys of Fengjing and Minzhu breeds were conducted 
by phenotyping crossbred progeny of the imported Fengjing and 
Minzhu boars mated with Meishan dams."^ 
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Sample collection and handling—Chinese pigs were 
phenotyped for resistance or susceptibility to K88ac^ E 
coli-mediated disease, using a microscopic adhesion assay. 
Intestine segments approximately 15 cm long were excised from 
the midjejunum or cranial portion of the ileum from 
euthanatized pigs. Small intestinal segments were flushed 
with cold buffer; either 0.9% saline or phosphate-buffered 
saline solution {15 mftf NajHPO^, 8 mW KH2PO4, 2.7 mAf KCl, 137 
mM NaCl [PBSS]; pH 7.5) to remove intestinal contents. 
Segments of small intestine were stored in cold buffer on ice 
until they were processed within 8 hours of collection at -20 
q22,23 later processing. 
Isolation and collection of brush border membranes— 
Brush border membranes were isolated from segments of small 
intestines.The mucosal surface of fresh or frozen 
segments of small intestine were wiped with gauze to remove 
residual intestinal content. The epithelium was scraped with 
a glass slide or scalpel, and scrapings were suspended in 
PBSS-EDTA (0.096Af sodium chloride, 0.008N potassium hydrogen 
phosphate, 0.0056Af sodium hydrogen phosphate, 0.0015M 
potassium chloride, and O.Olftf EDTA disodium salt, pH 6.8) 
then washed 3 times. Each wash cycle consisted of suspension 
of the pellet in PBSS-EDTA, centrifugation (200 X g for 10 
minutes), decanting of the supernatant, and resuspension of 
the pellet. 
43 
After the final wash, the supernatant was discarded and 
the resulting pellet was suspended in hypotonic EDTA (O.OOSAf 
EDTA adjusted with sodium carbonate to pH of 7.4) for 30 
minutes on ice. The suspension was centrifuged (800 X g for 
10 minutes), the supernatant was decanted, and the pellet was 
resuspended in fresh hypotonic EDTA. The pellet was 
homogenized, using a tissue grinder" at 1,000 rpm or a 
laboratory blender,® and filtered over glass wool. The 
filtrate was centrifuged at 1,200 X g for 10 minutes, the 
supernatant was decanted, and the pellet was resuspended in 
PBSS. Centrifugation was repeated. The final pellet was 
suspended in PBSS to desired concentration and stored at 4 C 
pending assay. 
Bacterial strains—An E coll K12 strain 1476 containing 
a K88ac plasmid that expresses K88ac antigen was used in the 
microscopic adhesion assay. The parental E coll K12 strain 
(711) was used as a nonadherent control." 
Adhesion assay—Adhesion assays were performed on 
isolated brush border membranes.Bacteria were grown 
overnight on sheep blood agar plates^ at 37 C. Strains were 
then incubated in trypticase soy broth 30 minutes at 37 C on 
an orbital shaker.^ Brush border suspensions (10®/ml) and 
bacterial suspension (10® colony-forming units/ml) were 
combined in a 1:1 ration in the wells of microtitration 
plates. The plates were sealed and incubated at 37 C on the 
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shaker^ for 30 minutes at 25 rpm. Three microliters of brush 
border-bacterial suspension was placed on a microscope slide 
and examined by phase contrast microscopy. A minimum of 20 
clear and independent brush borders were viewed per sample to 
ascertain adherence (susceptible phenotype) or nonadherence 
(resistant phenotype). Adherent specimens were documented fay 
counting 20 clear brush borders not agglutinated to other 
membranes or cellular material, unless adherence was so 
profuse as to be uncountcible."'^® Adherence (> 10 
bacteria/brush border membrane) or nonadherence was recorded 
for each pig assayed. Bacteria per brush border membrane 
were counted for weak adherent phenotypes (nonadherence of 
some brush border membranes mixed with adherence of 1 to < 10 
bacteria/brush border membrane within a sample/pig). 
Additional washing steps were used on the brush border 
membrane/bacterial suspension, as needed, to obtain 
photographic records. 
Results 
Two hundred eighty-nine pigs of Chinese breed origin 
were phenotyped for resistance or susceptibility to KSSac" E 
coli by use of the brush border adhesion assay. The brush 
border adhesion assay has been used to phenotype pigs varying 
in age from neonates to adults.' 
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Meisha.n inheritance—Brush border membranes were 
isolated from 80 purebred Meishan pigs. These animals 
represented 26 litters representing 10 of 10 available family 
lines and ranged in age from 1 day to 14 weeks. Excunination 
by phase-contrast microscopy revealed all samples to be 
nonadherent, indicating the resistant phenotype (Fig 1).^ 
Brush border membranes from pigs examined using the parental 
711 strain did not adhere. 
Minzhu inheritance—A total of 124 Minzhu crossbred pigs 
from 24 litters were phenotyped. These included the 7 
available fcunily lines A, C, D, F, G, H, and I (Table 1) . A 
total of 91 crossbred Minzhu pigs were phenotyped as 
resistant, and 33 crossbred Minzhu pigs were phenotyped as 
susceptible (Fig 2). At necropsy, crossbred Minzhu pigs 
ranged from 3 days to 14 weeks. 
One-half and three-fourths crossbred Minzhu pigs from 5 
(A, D, F, G, and H) of the 7 available lines were 
consistently nonadherent to KSSac"^ E coli and were classified 
as resistant phenotype. Resistant pigs from these 5 fcunily 
lines totaled 54 pigs that originated from 13 litters with a 
mean of 4 pigs/litter (range, 1 to 12). Twelve pigs sired by 
the boar of the I line were descendants of a boar from the C 
line (grandsire) . Of these 12 pigs, 9 were susceptible and 3 
were resistant. 
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Figure 1—Brush border membranes from Minzhu crossbred pig 
resistant (nonadherent) phenotype after incubation 
with K88ac*' Escherichia coll strain. Bar = 25^in. 
Figure 2 —Brush border membranes from Minzhu crossbred pig of 
susceptible (adherent) phenotype after incubation 
with KSSac" E coll strain. Bar = 25 pm. 
Table 1--Nuinber of Minzhu x Meishan pigs phenotyped by microscopic adhesion assay for 
innate genetic resistance or susceptibility to KBGac"^ Escherichia coli-mediated 
disease 
4, , No. of pigs 
Sire lines of dam per sire line(s) No. of pigs per phenotype 
Sire Grand Great-
line sire grandsire Litters Total Resistant Susceptible Weakly Adherent 
A * * 1 2 2 0 0 
C * * 3 25 11 14 0 
D * •k 1 1 1 0 0 
F * •k 2 4 4 0 0 
G * * 1 4 4 0 0 
A F + 1 8 8 0 0 
C D + 1 6 3 3 0 
C F + 1 6 4 2 0 
D A + 1 1 1 0 0 
F C + 2 12 10 2 0 
F D + 1 11 11 0 0 
G D + 1 1 1 0 0 
G F + 2 8 8 0 0 
H F + 2 13 13 0 0 
I C + 2 12 3 9 0 
C A F 1 5 5 0 0 
C H F 1 5 2 3 0 
*Dam was purebred Meishan; no maternal Minzhu grand-sire line or great grandsire 
line. +Dam was three-fourths' Meishan; no maternal Minzhu great grandsire line. 
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The initial group of Minzhu crossbred pigs (n = 14) 
comprised 11 that were of the nonadhesive phenotype and 3 
that were of the adhesive phenotype. These 14 Minzhu 
crossbred pigs were from 6 litters and 5 sires. The 3 
susceptible pigs were from the same litter. The Minzhu sire 
line of that litter (C) was then mated to another Meishan dam 
known to be from a resistant family line. All progeny from 
this mating surviving at 3 days of age (n = 11) were 
euthanatized and phenotyped by use of brush border adhesion 
assay. Of the 11 pigs, 6 were phenotyped as susceptible 
(55%). The other 5 were phenotyped as resistant (45%). This 
boar was mated to a third Meishan dam from a resistant feunily 
line. Eleven pigs born in October 1991 from this third 
litter were euthanatized at 10 days of age. Six pigs were 
resistant and 5 were susceptible. Forty-six pigs from 8 
additional litters sired or grand-sired by this boar (line C) 
were phenotype for KSSac"" E coli-mediated disease. Of the 46 
pigs, 27 were phenotyped as resistant (59%), and 19 were 
phenotyped as susceptible (41%). 
In total, 71 pigs sired or grand-sired by the Minzhu 
boar identified as line C, from 11 litters ranging in age 
from 3 days to 14 weeks were phenotyped; 33 were susceptible, 
and 38 were resistant. Mean number of pigs per litter sired 
by this boar was 7 (range, 4 to 11). 
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Fengjing inheritance—A total of 85 Fengjing crossbred 
pigs from 18 litters were phenotyped by brush border adhesion 
assay for resistance to KBSac'" E coli-mediated disease (Table 
2). Pigs from 7 (A, B, C, D, E, F, H) of the 8 available 
family lines were included in this sample. Age at necropsy 
ranged from 2 to 14 weeks. Of the 85 Fengjing crossbred 
pigs, 65 were resistant. Specimens from 20 pigs had 1 to 6 
adherent bacteria/brush border membrane, but these were 
sometimes mixed with brush borders without adherent bacteria 
(Fig 3) , and little or no agglutination was seen between 
brush borders. Hereafter, this will be described as weak 
adherence. The weakly adherent phenotype described here was 
atypical of pigs of the Minzhu breed for which adherence was 
sufficiently profuse to preclude a reliable count. 
Assay of specimens from pigs of 3 Fengjing fcimily lines 
(B, E, and F) consistently indicated only resistant 
phenotypes (n = 19). Of specimens from 16 pigs derived from 
2 other Fengjing family lines (C and H) 12 resistant and 6 
weak adherent phenotypes were indicated. 
Resistant and weakly adherent phenotypes (n = 39) came 
from either the A or D feimily lines. The A line was strongly 
correlated with the weakly adherent phenotype in 
three-fourths' Fengjing-Meishan pigs (line-A sire and line-F 
grandsire) and seven-eighths' Fengjing-Meishan pigs 
(sire-grandsire-great grandsire line combinations of B-A-F 
Table 2--Number of Fengjing x Meishan pigs phenotyped by microscopic adhesion assay 
for innate genetic resistance or susceptibility to K88ac* Escherichia coli-
mediate disease 
No. of pigs 
Sire lines of dam*'* per sire line(s) No. of pigs per phenotype 
Sire Grand- Great-
line sire grandsire Litters Total Resistant Susceptible Weakly Adherent 
B "k * 1 4 4 0 0 
C •k * 1 7 4 0 3 
E ir * 2 6 6 0 0 
F * * 1 1 1 0 0 
H A * 2 9 8 0 1 
A F + 2 13 10 0 3 
B F + 1 10 10 0 0 
D F + 1 6 6 0 0 
H E + 1 2 1 0 1 
H F + 1 3 3 0 0 
B A F 1 3 0 0 3 
D H F 2 9 8 0 1 
F A E 1 3 0 0 3 
F H A 1 9 4 0 5 
*Dam was purebred Meishan; no maternal Fengjing grand-sire line or great grandsire 
line. +Dam was three-fourths' Meishan; no maternal Fengjing great grandsire line. 
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Figure 3—Brush border membranes from Fengjing crossbred pig 
indicating weak adherence after incubation with 
KSSac" E coli strain. Bar = 25 pm. 
and F-A-E where B, E, and F had produced resistant pigs). 
The D line also was only tested in three-fourths' and 
seven-eighths' Fengjing-Meishan crossbred pigs. All 6 pigs 
sired by the D line and grand-sired by the F line were of 
nonadherent or resistant phenotype. Of 9 pigs sired by the D 
line with maternal grandsire and great grandsire from the H 
and F lines, 2 were weakly resistant. Because the H line is 
known to produce pigs of the weakly adherent phenotype, it is 
expected that the D line will not. However, pigs of pure D 
lineage were not available for testing. Pigs were not 
available from the eighth family line. Profuse adherence was 
not seen in any specimens collected from Fengjing crossbred 
pigs. 
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Discussion 
Findings of this study indicate presence of 3 phenotypes 
of Chinese pigs with respect to adherence of KSSac"^ E coll to 
intestinal brush border membranes (adherent = susceptible, 
nonadherent = resistant, and weakly adherent = susceptibility 
unknown). Results indicate that pigs of the Chinese Meishan 
breed are highly resistant to K88ac^ E coli-mediated disease, 
cind pigs of the Meishan breed were universally resistant on 
the basis of the In vitro assay. However, it appecirs that 
the gene conferring this susceptibility has a small frequency 
in the Minzhu breed on the basis of crossbreeding studies. 
Purebred females of the Minzhu and Fengjing breeds were not 
available. To overcome this circumstance, dams of the 
Meishan family lines already determined to be resistant were 
used. This allowed pigs sired by the Minzhu and Fengjing 
boars to be phenotyped on the assumption that the dams were 
homozygous recessive {E coli-resistant). Therefore, pigs of 
susceptible phenotype would be expressing the sire' s 
inherited trait. Minzhu crossbred pigs of either phenotype 
(susceptible and resistant) were identified in ratios 
consistent with a one-locus gene model, with all susceptible 
pigs derived from one sire. Given that one of six Minzhu 
boars carries the gene and was genotyped as heterozygous, the 
susceptibility frequency was estimated to be 1 of 12 or 8%. 
Inheritance within the Fengjing breed is still unclear, given 
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that multiple family lines indicated the resistant phenotype, 
as well as a weakly adherent phenotype. 
Wecik adherence has been reported by Sellwood,® Bertin,^° 
and Rapacz and Hasler-Rapacz,® but the physiologic 
significance of this type of adherence is unknown. On the 
basis of clinical observations, Sellwood suggests that the 
weak adherent phenotype is under genetic control at the S 
locus and is resistant to disease, but this hypothesis has 
not been tested experimentally. Rapacz and Hasler-Rapacz, 
after observing weak adherence in offspring of parents of the 
normal phenotype and vice versa, suggested that other unknown 
factors may influence this binding. Our knowledge of the 
genetic control of this trait is inadequate. 
Bertin^° found low concentrations of bacterial adherence 
to brush border membranes isolated from Chinese Meishan pigs 
in vitro; however, correlation to virulence was not 
estciblished for the Meishan breed, in contrast to the strong 
correlation between virulence and adherence evidenced in pigs 
of the Large White breeds. In this study, observation of a 
weakly adherent phenotype was documented; however, its 
relation to disease susceptibility is unknown. 
Chinese pig breeds are based on geographic 
classifications.^® The Meishan and Fengjing breeds 
originated from the Tahiu region (rivers and seas type) and 
share reproductive traits, but differ in body size and 
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conformation. In China, the Tahiu class is now considered 
one breed made up of several types. The Minzhu breed belongs 
to a separate class from the more remote, mountain regions of 
North China. 
Common ancestry may help to explain possible 
similarities in inheritance of K88ac* resistance between the 
Meishan and Fengjing breeds and a seemingly different profile 
for Minzhu inheritance. Chinese pigs were used in European 
herds in the 17th century in attempts to improve herd 
performance.^' This may account for commonality of the weak 
adherent phenotype in breeds derived from Europe, such as 
those observed by Sellwood,® and the related Chinese Meishan 
and Fengjing breeds.® 
Findings of this study indicate that the Meishan breed 
can be considered resistant on the basis of phenotypes 
derived by results of in vitro assay. Previously, claims of 
disease resistance within Chinese breeds were anecdotal or 
limited to inbred populations from extremely limited breeding 
stock. Identification of phenotyped and genotyped breeding 
stock may be helpful in further breeding and genetic studies. 
Study of unique genetic populations, such as the Chinese 
pigs, has important implications in furthering understanding 
of resistance to E coli. 
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CHAPTER 4 
PROPOSAL FOR A RAPID ^ QUANTIFIABLE AGGLUTINATION 
ASSA7 TO DETERMINE PHENOT7PES FOR DIARRHEAL 
DISEASE IN NEONATAL PIGS 
A paper prepared for submission to the 
Journal of the American Veterinary Medical Association 
Rita D. Michaels, Shannon C. Whipp, Preseton H. 
Dorsett, and Robert F. Naegele 
Introduc-bion 
All stages of research and production depend upon 
analytical tools. Discovery of potential diagnostic methods 
leading to full investigation and submission to a regulatory 
body for approval or certification requires a large number of 
samples which are well-defined for the trait to be detected. 
Development of analytical tools used for identification 
of infectious agents and disease status can be facilitated by 
controlled or natural inoculation. However, studies 
requiring knowledge of genetic predisposition or status is 
made more difficult without antemortem means to determine the 
animal's genetic status. 
Experiments on diarrheal disease in neonatal and 
postweaning pigs, which is genetically determined, can be 
complex and further complicated by lack of a known 
population. For example, under current circumstances, the 
experiment is completed and determination of genetic status 
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of the experimental animals is conducted postmortem. Many 
experiments have been conducted to find the experimental unit 
is of an inappropriate type. 
Research on neonates and postweaning pigs is important 
as diarrheal disease attributable to K88 E. coli can be 
financially devastating to a susceptible herd.^'^ Vaccines 
and treatment cannot override the genetic proclivity for 
disease and resulting fatalities. Even when survival from 
this disease occurs, production costs are increased and 
financial return often diminished due to loss of growth 
efficiency.^ 
Having a resource population from which to obtain 
samples with the desired trait or to conduct experiments can 
facilitate the scientific goal, reduce the number of animals 
sacrificed and lessen overall cost. Unique populations such 
as the Chinese breeds of pigs which have been described so 
that phenotypes of individuals and presence or absence of 
phenotypes and/or genotypes within fcimily lines^ can be 
useful in these ways. Within this study, samples and data 
from the Chinese pig population were used to investigate 
ideas for diagnostic assays. The purpose of this study was 
to investigate possibilities for a rapid automated assay 
using existing technology, which could deteinnine genetic 
status for resistance or susceptibility to K88+ E. 
coii-mediated diarrhea in neonatal and postweaning pigs. 
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Desirable for an antemortem assay are the following: 
— easily obtaineible sampling (non-invasive) 
— relatively inexpensive overall cost 
— ease in sample handling and storage 
— quantifiable, objective results 
— use of existing or standard laboratory equipment 
— high levels of repeatability 
— statistically significant separation between 
quantifiable results representing phenotypes 
At the end of this report, we intend to present a 
plausible methodology meeting these criteria. From such an 
assay, commercial or research interests could phenotype swine 
for genetic resistance to K88 E. coli-mediated diarrheal 
disease. Such an assay may facilitate experiments on 
vaccinations, antibiotics, mechanisms of receptor-ligand 
binding, etc. or provide a selection method to develop a 
highly resistant herd. 
Background 
Enteric colibacillosis is the disease caused by 
infectious agents including Escherichia coli strains which 
express K88, K99, ^ Zl'9, and F41 pilus antigens.^ Once 
adhered, the bacteria can multiply and produce toxins that 
act specifically on the mucosa of the intestine resulting in 
the disease state which is predominantly found in neonates.® 
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K88 differs from the others by the genetically determined 
receptor-dependent host-pathogen relationship and has long 
been used as a classic example of genetic disease control.^ 
Pigs genetically susceptible to disease must have inherited 
the gene for the receptor required for adherence by the 
bacteria to the small intestine epithelium.® Traditionally, 
there have been two phenotypes described, resistant and 
susceptible. Weak adherence has been reported, but the 
physiological significance had not been correlated with the 
in vitro phenotype. 
Study of K88 resistance has needed a reliable, 
non-invasive antemortem method to phenotype pigs for genetic 
status. The in vitro method which has traditionally been 
used involves the collection and isolation of brush border 
membranes from the small intestine and the presence or 
absence of adherence of bacteria to brush borders when 
combined in what is commonly termed an adherence assay.^ 
This remains the standard method for phenotyping pigs. 
However, the small intestine provides retrospective results 
unless biopsy is performed. Isolation and purification of 
brush borders is lengthy, and the adherence assay requires 
use of an infectious agent. 
Snodgrass et al.^^ described the feasibility of biopsy 
of the small intestine and a microtechnique for collection 
and isolation of brush border membranes in conjunction with 
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adhesion assay to phenotype pigs for K88 resistance. The 
niicrotechnique overcame postmortem disadvantage but still 
necessitated an invasive surgical procedure ill suited 
economically and practically for field use. 
Efforts in development of alternative assays have 
centered on finding an assay basis other than adherence, 
selecting an alternative sample site, aind/or minimi zing 
sample size. Cox et al." compared brush border membrane 
results with buccal cell and erythrocyte analysis and found 
neither were successful in determining phenotypes. Valpotic 
et al." was unsuccessful in substitution of Peyer patch and 
peripheral blood lymphocytes or buccal and rectal epithelial 
cells for intestinal brush border membranes. 
Returning to the small intestine epithelium or 
intestinal contents. Chandler and Houvenaghel^'' demonstrated 
the successful use of enzyme immunoassay procedures using 
porcine brush borders. This was encouraging for the 
potential of an alternative rapid method. However, it still 
necessitated postmortem sample collection. Valpotic et al." 
proposed substitution of fecal samples or intestinal wash 
samples. However, limited success was described. Valpotic 
et al.^® further compared samples from neonates versus weaned 
and adult swine, also with limited success. Inconsistent 
presence of the receptor within samples, specificities 
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ranging from 67% to 86%, and sensitivity levels as low as 38% 
were observed. 
Atroshi et al.^' compared intestinal brush border 
membrane adherence assays with milk fat globule membrane 
(MFGM) adherence assays and milk fat globule (MFG) 
agglutination assays in 237 Finnish Landrace pigs. MFGM and 
MFG assays gave identical results to phenotypes determined by 
brush border membrane adherence assays. 
Materials and Methods 
Sows—Samples for this study were primarily collected 
using approved animal care procedures, from sows in the Iowa 
State University (ISU) Chinese pig herd.^® Other samples 
were collected from cull sows from the ISU purebred Duroc 
herd and sows purchased from privately-owned Iowa herds 
(Large White and Landrace breed crosses). 
Sma.ll intestine samples—Small intestine segments 
approximately 15 cm long were excised from the mid-jejunum or 
cranial portion of the ileum from euthanatized sows. Brush 
border membranes were isolated as described.® Small 
intestine segments were flushed with cold phosphate-buffered 
saline solution (15 mM NajHPO^, 8mAf KHjPO^, 2.7 vaM KCl, 137 mM 
NaCl [PBSS], pH 7.5) to remove ingesta. Segments were 
processed within 8 hours after collection or frozen to -70®C 
for later processing. 
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Brush border membrane isolation—Brush border membranes 
were isolated® by scraping the mucosal surface of the small 
intestine with a glass slide and suspension of the scrapings 
in PBSS-EDTA (0.096Af sodium chloride, O.OOSiif potassium 
hydrogen phosphate, 0.0056Af sodium hydrogen phosphate, 
O.OOlSAf potassium chloride, and O.OLM EDTA disodium salt, pH 
6.8), then washed a minimum of 3 times. Wash cycles 
consisted of suspending the pellet in PBSS-EDTA, 
centrifugation (200 X g for 10 minutes), followed by 
decanting of supernatant, and resuspension of the pellet. 
The supernatant of the final wash was discarded, and the 
pellet was suspended in hypotonic EDTA (O.OOSAf EDTA adjusted 
with sodium carbonate to pH of 7.4) for 30 minutes on ice. 
The resulting suspension was shaken vigorously and 
centrifuged for 10 minutes at 4°C (800 X g) . The supernatant 
was decanted, and the pellet resuspended in fresh hypotonic 
EDTA. This suspension was homogenized using a tissue grinder 
at 1,000 rpm and filtered over glass wool. The filtrate was 
suspended in hypotonic EDTA, centrifuged at 1,200 X g for 10 
minutes at 4°C, decanted, and resuspended in PBSS. 
Centrifugation was repeated. The final pellet was suspended 
in PBSS to desired concentration and stored at 4®C pending 
assay. 
Adherence assay—Sow phenotypes for genetic resistance 
to K88'' Escherichia coli-mediated disease were determined 
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using the microscopic adhesion assay.Bacteria were grown 
overnight on sheep blood agar plates at 37°C. Bacteria of 
each strain were incubated in trypticase soy broth for 30 
minutes at 37®C after which the suspension was adjusted to 
10® colony-forming units/ml. Brush border suspensions and 
bacteria suspensions were combined in a 1:1 ratio in 
microtiter plate wells or test tubes and incubated at 37®C 
for 30 minutes. Three microliters of the resulting 
suspension were viewed by phase contrast microscopy to 
ascertain adherence (susceptible phenotype) or non-adherence 
(resistant phenotype). Suspensions which had nonadherence of 
some brush border membranes mixed with adherence of 1 to < 10 
bacteria per brush border membrane were classified as weak 
adherent. 
Bacteria strains and pilus antigen—Strain 1476, K12 
Escherichia coli containing K88ac plasmid expressing K88ac 
antigen was used for brush border membrane adherence assays 
and milk fat globule assays. A K88" plasmid deleted strain, 
1475, was used for controls. Milk fat globule assays were 
also tested by K88ab^ strain 2037 and K88ad* strain 2029. 
K88ac^ pilus antigen for strain 1476 was donated by the 
Colibacillosis Unit, USDA-ARS-NADC." K88ac"^ pilus antigen 
was adjusted to 65^ig/ml for use in milk fat globule assays. 
Collection of milk and colostrum scimples—Milk and 
colostrum were collected from sows after intramuscular 
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administration of 10 lU oxytocin. Samples were collected 
into sterile containers and kept at 4®C until return to 
laboratory for processing. Samples were frozen to -70'C for 
storage until use in assays. 
Spectrophotometer system—The spectrophotometer selected 
for use in this assay was the Autolex™ system^" because it 
provides readings from multiple vertical light beams through 
suspensions in microtiter wells. This IcUaoratory system can 
be used on 96 well microtiter plates of varying 
configurations. Values are formatted and interpreted by 
computer software. The system records the percent light 
transmission (%LT) based upon readings of twenty light beams 
transmitted from beneath the microtiter well. An algorithm 
standardizing the spectrophotometer, reagents, pipetter, and 
positive and negative controls is used to calibrate each 
plate and to set the index for each plate' s test scunples. 
Computer software within the Autolex™ system performs 
necessary calculations and provides a print-out with the %LT 
for each well. The system is recalibrated between the 
running of each plate. 
The %LT for each sample is calculated from the raw score 
derived from the twenty individual readings per well using a 
negative standard. The negative standcird minimizes 
differences between plates which can result from technician 
error or technical anomalies which are to be expected in 
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laboratory testing. A negative standard is included in each 
plate and is defined as a known negative sample treated 
identically as test samples. The negative standard consists 
of multiple aliquots of samples from a known source or 
preferably pooled sources and that has been thoroughly 
characterized. Repetition of negative standards should be 
virtually the Scune on any plate tested. The negative 
standard serves as an alert that an individual plate assay is 
unreliaJale or a technical error has occurred. 
Rapid, agglutination method to determine genetic 
phenotypes—Two milliliters of milk are centrifuged at 2000 
revolutions per second at 4®C for 10 minutes. The cream is 
lifted from the milk and suspended in 0.25% sucrose buffer 
containing 10% PBS17 and adjusted to an optical density of 
1.8 at 690 nm. Bacteria grown overnight on sheep blood agar 
plates (Dimed, St. Paul, Minn) at 37®C were incubated in 
sterile trypticase soy broth for 30 minutes and adjusted to 
10® bacteria colony forming units/ml. 
Milk fat globule suspensions and bacteria suspensions 
(100 jul each suspension) were mixed in microtiter wells using 
gentle agitation with a pipette tip. Plates were covered 
with clear plastic and incubated on an orbital shaker for 10 
minutes. Plates were then read using the Autolex™ system at 
690 nm. 
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Statistical analysis—A univariate procedure was 
performed to analyze sample results within treatments 
(phenotypes) for mean, median, deviation, variability, and 
population performance. The Shapiro-Wilk statistic was 
computed as an indicator of whether the data fall within a 
normal distribution.^^ 
As the %LT is defined as falling between zero to one, an 
arc sine square root transformation was applied to the data 
before analysis."'" The transformed data was analyzed using 
the following linear model: 
Yij = ^  + ai -H eij 
where, Yij = transformed observation 
fj = overall constant 
ai = fixed effect of the i"' phenotype 
eij = random residual 
i = 1,2,..., number of phenotypes 
j = 1,2,..., number of observations within 
each phenotype 
An a priori contrast cunong the least squares mean (T1 vs 
T2) was used to assess differences between phenotypes. The 
5% level of significance, or P s 0.05, two-tailed, was used. 
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Results 
Accuracy of assay—Milk fat globule samples were 
collected from sows phenotyped as resistant (n = 17) or 
susceptible (n = 17) to KSSac" E. coli-mediated disease by 
brush border membrane adhesion assay. These milk samples 
were tested in a blinded study using the milk fat globule 
assay previously described. See Figure 1 regarding % light 
transmission of these independent susceptible and resistant 
samples. The mean for susceptible samples was 25.65 with a 
standard deviation of 3.53. Mean for resistant samples was 
2.71 with a standard deviation of 2.02. See Figure 2 for 
comparison of cumulative resistant samples versus 
susceptible samples. See Table 1 for descriptive statistics 
on both phenotypes. Separation between the two phenotypes is 
approximately 10:1. Test for normality was within bounds to 
accept values as random samples from a normal distribution. 
Treatment of the data as arc sine % variability of light 
transmission further supports the robust nature of the data. 
When backtransformed the least squares means are 2.5% and 
25.6%, respectively, for the resistant and susceptible sample 
subpopulations. See Table 2 for arc sine % variability of 
light transformation statistical analysis. 
Controls using milk fat globules in suspension 
substituting E. coll of the plasmid-deleted strain 1475 and a 
second control using bacteria-free trypticase soy broth had 
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Figure 1—Results of milk fat globule rapid assay (blind 
study) using samples from 34 sows phenotyped by 
brush border membrane adherence assay. 
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Figure 2—Comparison of mean % light transmission results of 
milk fat globule samples from sows of resistant 
phenotype (2.71 +/- 2.02) versus samples from sows 
of susceptible phenotype (25.65 +/- 3.53). 
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Table 1—Descriptive statistics on results of milk fat 
globule rapid assay (blind study) using samples from 
sows of known resistant or susceptible phenotype 
(n = 34). 
Study of % varicibility Resistant Susceptible 
of light transmission phenotype phenotype 
Number of observations 17 17 
Mean 2.71 25.65 
Standard, deviation 2.02 3.53 
Minimum observation 0 17 
Maximum observation 7 31 
Mode 1 24 
Coef^icent of variation 74.79 13.78 
Variance 4.10 12.49 
Skewness 0.92 -0.13 
Kurtosis 0.008 -0.669 
Pr > 1t1 
Pr < W 
0.0001 
0.0385 
0.0001 
0.7618 
Table 2—Arc sine % variability of light transformation 
analysis of susceptible and resistant samples 
(n = 34). Pr > F = 0.0001. 
Statistical 
analysis 
Resistant 
phenotype 
(n = 17) 
Susceptible 
phenotype 
(n = 17) 
Transformed least 
squares mean 0.025 0.256 
Standard error 0.0037 0.0104 
95% lower bound 0.018 0.235 
95% upper bound 0.033 0.277 
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%LT of 9 and 11, respectively. These scores were consistent 
with results of samples from sows phenotyped as resistant. 
Comparison of phenotypes—To compare the weak adherent 
phenotype described in Chinese pig breeds with the resistant 
and susceptible phenotypes, seimples from 7 lactating Chinese 
purebred or crossbred sows were tested in a blind study using 
the automated format. Two sows (1 purebred Meishan and 1 
Minzhu X Meishan) were of KSSac"^ resistant phenotype by small 
intestine brush border membrane adhesion assay and had %LT 
scores of 8 and 3, respectively. Two Minzhu X Meishan sows 
of K88ac* susceptible phenotype had %LT scores of 33 and 29. 
Three Fengjing X Meishan weak adherent sows had %LT scores of 
-8, -8, and -15. See Figure 3 and Table 3. 
Comparison of bacteria serovariants and pilus antigen— 
Pooled samples were used to compare the resistant and 
susceptible phenotypes using different suspensions as the 
agglutinating factor. Those assayed using K88ac'' bacterial 
suspensions had %LTs of 7 (resistant pool) and 33 
(susceptible pool). Scimple pools tested with KSSab" 
bacterial suspensions had %LTs of 4 (resistant pool) and 27 
(susceptible pool) while those tested with the KBSad"^ 
bacteria suspension had %LT scores of 2 (resistant pool) and 
16 (susceptible pool) . Those tests with the substitution of 
KBBac" pilus antigen in lieu of a bacterial suspension had 
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Figure 3—Comparison of milk fat globule rapid assay results 
of samples from sows of resistajit, susceptible, and 
weak adherent phenotypes. 
Table 3—Accuracy of milk fat globule rapid assays using 
samples from sows of known breeds and phenotypes. 
Sow breed Phenotype No. assay 
repetitions 
% light 
transmission 
Standard 
deviation 
purebred 
8 0.03 Meishan resistant 10 
Meishan X 
0.05 Minzhu resistant 10 3 
Meishan X 
0.03 Minzhu susceptible 10 33 
Meishan X 
0.07 Minzhu susceptible 10 29 
Fengjing X 
-8 0.06 Meishan weak adherent 10 
Fengjing X 
-8 0.04 Meishan weak adherent 10 
Fengjing X 
-15 0.09 Meishan weak adherent 8 
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Figure 4—Comparison of milk fat globule rapid assay results 
substituting K88 E, coll serovariants and pilus 
antigen suspensions on pooled samples. 
Taile 4—Accuracy of milk fat globule rapid assays using K88 
E, coll serovars or pilus antigen in trypticase soy 
broth on pooled resistant and susceptible samples. 
Strain/pilus Phenotype No. assay % light Standard 
KB8 E. coll repetitions transmission deviation 
ac+ bacteria resistant 10 7 0.06 
ac+ bacteria susceptible 10 33 0.04 
ab+ bacteria resistant 10 4 0.04 
ab+ bacteria susceptible 10 27 0.10 
ad+ bacteria resistant 10 2 0.05 
ad+ bacteria susceptible 10 16 0.04 
ac+ pilus 
antigen resistant 5 1 0.06 
ac pilus 
antigen susceptible 6 27 0.04 
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%LT scores of 1 (resistant pool) and 27 (susceptible pool). 
See Figure 4 and Table 4. 
Discussion 
The goal was to make progress toward the development of 
an antemortem assay which could be implemented in production 
and/or research. The rapid, automated procedure described 
accomplishes this goal and is also significant as an assay 
which provides quantified results. Previously, other 
procedures relied primarily upon subjective evaluation of 
microscopic samples. Rapid tests such an enzyme linked 
immunoassay were encouraging in terms of methodology but 
required intestinal based samples to get meaningful 
accuracy. 
An easily obtainable sample which did not require 
invasive collection methods such as surgery or biopsy was 
desired. Historically, sample selection concentrated on the 
site of disease causation: brush borders, intestinal washes, 
f e c e s ,  r e c t a l  e p i t h e l i a l  c e l l s  a n d  P e y e r  p a t c h e s . A s  
advances in immunology and immunological evaluation methods 
progressed, scimples such as lymphocytes, buccal cells, and 
erythrocytes were tried."'" None, other than brush borders, 
provided results sufficient to encourage pursuit. Use of 
brush borders completes the circle back to an invasively 
collected sample. 
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To the authors' knowledge, the only sample explored not 
associated with the intestine and which demonstrated 
encouragingly high comparability with results from the brush 
border membrane adherence assay was milk.^' There are 
obvious disadvantages to proposing the use of milk fat 
globules. Phenotyping by this method obviously only applies 
to lactating females. 
Advantages which encouraged use of milk, at least 
initially, were the high success when compared to phenotypes 
determined by the "gold standard" in this area, the brush 
border membrane adherence assay.® Also, being cUale to 
genetically type the dams of a herd is great progress when 
compared to total inability to type any animals in a herd. 
Changes in the swine industry encourages use of a dctm-
specific assay. Whereas in past traditional production when 
field or pen housing was popular, milking a sow with a litter 
present posed labor and logistical problems in containing the 
sow and containing her in such a way that she would let her 
milk down when upset from absence or interference of her pigs 
or usual surroundings. However, as the swine industry has 
undergone changes which make total confinement using crates 
the norm, it is very easy to obtain a sample of the small 
size required; samples often can be collected while she is 
suckling her pigs making use of injectable oxytocin 
unnecessary. 
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Most intriguing is the question as to why milk works so 
well in determining susceptible or resistant phenotypes? 
While pursuing this assay, it was hoped that information on 
this affinity might provide insight into other potential 
sample sources. One theory of why both milk and enterocytes 
can be used for phenotyping is the commonality of the apical 
membrance budding off process and the sharing of the seune or 
similar attachment mechanism.A review of literature 
revealed that other anatomical sites with the apical budding 
off process include tonsils and the epididymus. Speculation 
of potential for a semen sample version of this assay is 
grounded in this physiological commonality. 
Many variables were investigated leading to the protocol 
described in this article. Differences between density and 
layering of milk fat globule and bacterial suspensions from 
different phenotypes indicated that some form of physical 
measurement was possible. Horizontal versus vertical 
spectrophotometer light transmission was a key component. 
The final resolution was the use of multiple vertical light 
sources. The specific spectrophotometer system was also 
selected because of its accompanying computerization. 
When combined in certain volumes and ratio of suspension 
of MFG and bacteria, a distinct phenomenon was observed in 
the different phenotypes. Combinations involved milk fat 
globules and K88 E. coll in varying volumes, buffers, mixing 
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methods, incubation times, etc. The assay was then 
characterized and simplified without reducing accuracy. The 
computer parameters for calculations were set on the 
resistant and susceptible phenotypes. 
Factors which were investigated for optimizing this 
assay included optical density reading, mixing method, type 
and length of time of rotation, temperature controls and 
causes for disagglutination. Unlike adherence of brush 
border membranes, disagglutination can occur as a result of 
handling, light, temperature or other circiimstances which can 
easily occur in a laboratory. 
Under the described conditions, each phenotype assumes a 
different physical state. When milk fat globules (MFG) from 
a resistant sow are mixed with bacterial suspension, the MFGs 
form a layer near the top of the microtiter well. This layer 
is even and forms a light absorptive barrier so that light 
transmission is minimal. When MFGs from a susceptible sow 
are suspended, agglutination occurs at a somewhat lower level 
in the microtiter well. Incidence of agglutins varied with 
areas of clear suspension (bacteria not presenting a light 
transmission barrier) allowing light to be transmitted and a 
per cent of transmission to be calculated. 
Results of assay performance using MFG from sows of the 
weak adherent phenotype were initially perplexing until 
Scunple characterization was completed. In this instance. 
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both agglutins and individual MFCs occur and are suspended at 
varying layers within the suspension. Therefore, this 
phenotype blocks more light than either the resistant or 
susceptible phenotype. As the system was set up using the 
resistant as the "negative" treatment, the %LT results were 
consistently at the lower end of the spectrum (0 to 1) 
converted to a percentage. The results of the weak adherent 
samples, therefore, were reported as negative percentage 
values. If work on this assay were pursued, the scale could 
be adjusted to a more traditionally workable scale with the 
weak adherent phenotype falling in the lowest zone (ex: 0 to 
10%), the resistant phenotype falling into a moderate zone 
and susceptible phenotypes into the higher zone. 
Potential for this assay is encouraging as results from 
different purebreds and crossbreds were consistent with the 
the blind study for accuracy. Also, difference in bacterial 
strains did not appear to overtly affect results. 
Particularly interesting were the results of the assay when a 
pilus antigen was substituted for bacteria. It is preferable 
not to use infectious agents in diagnostic laboratories, and 
these results are extremely encouraging. Use of a pilus 
antigen would also decrease the amount of time required for 
testing. 
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Conclusion 
This paper describes a rapid, automated assay which 
requires a small volume of an easily obtainable sample. 
Experience showed handling from animal to laboratory could be 
accomplished using a standard gel cold pack. Reproducibility 
between and within seonples was highly successful. Quantified 
results in the form of % light transmission are obtainable. 
The primary piece of equipment required has multiple animal 
health uses and is relatively inexpensive when compared to 
standard laboratory equipment. There appears to be potential 
for use of alternative scunples and substitution of a 
non-infectious antigen for bacteria in the reactive 
suspension. 
This study describes a potential assay for determining 
phenotypes of disease resistance in swine. The assay 
described meets the criteria desired including its being 
relatively inexpensive and easy to scunple, requiring minimum 
technical training, and having a high degree of reliability 
and separation between categories of results which is 
important in minimizing false negatives or false positives. 
Further work in this area could provide an important tool in 
the study of genetic disease resistance. 
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CHAPTER 5 
KSS"^ ESCHERICHIA COLI-HEJJIATED DIARRHEAL DISEASE 
IN CHINESE PIGS OF SUSCEPTIBLE, RESISTANT, 
AND WEAKL7 ADHERENT PHENOTYPES 
A paper prepared for submission to the 
American Journal of Veterinary Research 
Rita D. Michaels, Shannon C. Whipp, and Max F. Rothschild 
In'troduc'bion 
Traditionally, it has been thought that inheritance of 
resistance to KSS"^ Escherichia coli-mediated diarrheal 
disease in pigs is monogenic and is controlled by an 
autosomal recessive gene.^ The desirable trait, resistance, 
is seen in the homozygous recessive pig whereas the 
undesiraJale trait or susceptibility occurs in the 
heterozygous or homozygous dominant pig. Diarrheal disease 
is precipitated by KB8* E. coll in susceptible neonatal and 
postweaning pigs, with economic losses occurring from 
fatalities and/or poor rate of gain.^ 
Phenotypes have commonly been identified with an In 
vitro microscopic adherence assay using small intestine 
epithelial brush border membranes^'* which are mixed with a 
bacterial suspension. The mixture is viewed microscopically 
to determine if the bacteria have adhered to the brush border 
membranes. Adherence, according to the In vitro assay, is 
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considered an indication of the presence of the genetically-
determined receptor or the susceptible phenotype. Absence of 
adherence is interpreted as absence of the receptor or the 
resistant phenotype. The two phenotypes which have been 
discussed traditionally are the resistant and the susceptible 
as indicated by the KSBac^ antigen.^ However, two other 
serological variants of the K88 antigen have also been 
identified: K88ab and K88ad.®'' Bijlsma et al.® reported that 
pigs screened for phenotype by brush border membrane 
microscopic adhesion assay adhered well or in a limited 
manner depending upon the K88 antigen expressed by the 
bacterial strain used in suspension. On that basis, pig 
phenotypes were subdivided into five categories listed by 
ab/ac/ad antigen status: +++, +h—, +—i-, —i- and . The 
symbol (+) is used to denote the susceptible phenotype, and 
(-) is used for the resistant phenotype. 
Weak adherence (wa) has been mentioned without 
physiological elucidation.''^" Sellwood® suggested that the 
weak adherent phenotype is under genetic control at the 
dominant susceptible site (S locus) and resistant to disease; 
however, this theory had not been tested experimentally. 
Rapacz^° suggested that other unknown factors may influence 
this binding. Other factors may be of a biological or 
technical nature. 
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Bertin et al.^^ noted low in vitro concentrations of 
bacterial adherence to brush border membranes isolated from 
pigs of the Chinese Meishan breed which was in contrast to 
observations on domestic breeds. The relationship to disease 
susceptibility was unknown. Similarly, we found the weak 
adherent phenotype displayed by in vitro analysis within 
Fengjing family lines and speculated that the ancestral breed 
relationship between the Meishan and Fengjing may be 
responsible for the shared genetic characteristic." 
The purpose of this study was to correlate adherent, 
weak adherent, and non-adherent phenotypes to susecptibilty 
to KB8* E. coli-mediated diarrheal disease induced by 
experimental challenge. Breeding animals from the Chinese 
swine resource population^^ were used to produce litters of 
the three phenotypes for E. coli-mediated disease genetic 
status. 
Materials and Methods 
Chinese swine herd—Breeding stock was obtained from the 
Iowa State University Chinese pig herd." Sows from selected 
family lines were mated by artificial insemination with 
frozen semen from boars or naturally by boars of selected 
lines. A family line was defined as having no common 
ancestor for a minimum of 2 generations and line selection 
was based on phenotypic descriptions made earlier." 
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Breeding was planned so that farrowings would occur within an 
approximate 3 week period. Three Minzhu, Fengjing, and 
Meishan sows were successfully moved to the National Animal 
Disease Center (NADC) two weeks prior to farrowing and were 
maintained in controlled environment in crates. Ssows 
farrowed naturally. Forty-one pigs were caught at birth and 
removed to a nursery cart. Each pig received 10 ml of 
sterile swine serum intraperitoneally within 6 hours of 
birth. Eight pigs which had the opportunity or were observed 
suckling were handled as described. Results and observations 
are designated accordingly. Pigs were moved to isolation 
rooms, inoculated, and maintained in sterile boxes for 18 
hours. At 24 hours after birth they were euthanized and 
necropsied. 
Inoculum—Strain 263 K88"^ E. coll expressing the ab 
pilus antigen was mixed with trypticase soy broth and was 
used on experimental pigs.*^*'" E. coll strain 123 was used 
for the inoculum for K88" controls. An equal number of pigs 
per litter were used as controls and were inoculated and 
maintained identically to experimental challenge pigs. 
Controls and challenged pigs were housed in separate rooms. 
All pigs were inoculated by canula intragastrically with 10 
cc bacterial preparation. 
Assessment of Disease and Necropsies—Eighteen hours 
post inoculation, pigs were removed to the abattoir. Piglets 
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were weighed and physical observations on visible signs of 
diarrhea, dehydration, alertness, and general condition were 
recorded. Piglets were euthanatized and necropsied. Visual 
observations of large intestine, cecum, small intestine, and 
stomach were recorded. Small intestine segments were 
collected for later processing to determine phenotype, 
histopathology, and bacterial load. 
Intestine segments approximately 30 cm long were excised 
from the cranial portion of the ileum from euthanized pigs. 
Small intestinal segments were flushed with cold phosphate-
buffered saline solution (15mM NajHPO^, 8mAf KHjPO^, 2.7 mM 
KCl, 137 mM NaCl [PBSS], pH 7.5) to remove intestinal 
contents. Small intestinal segments were stored in cold 
buffer until moved to the laboratory where they were rinsed 
again and stored frozen to -70®C pending later processing. 
In vitro phenotypes—Pig phenotypes were determined 
postmortem by brush border membrane adherence assay^'^ using 
strains 1476 KSSac'", 2029 KBBab^, and 4456 KSSad"^ Escherichia 
coli. Strain 1475 K88ac" was used as a control for assays. 
Brush border membranes were collected from small 
intestines by scraping the epithelium with a glass slide or 
scalpel, suspension of the scrapings in PBS-EDTA (0.096 M 
sodium chloride, 0.008 M potassium hydrogen phosphate, 0.0056 
sodium hydrogen phosphate, 0.0015 M potassium chloride, and 
0.01 M EDTA disodium salt, pH 6.8). The suspension was 
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washed by centrifugation {200 X g for 10 minutes at 4''C) , 
decanted, resuspended, and the wash repeated 2 times. The 
supernatant of the final wash was discarded and the pellet 
resuspended in hypotonic EDTA (0.005 M EDTA adjusted with 
sodium carbonate to pH of 7.4) for 30 minutes on ice. The 
sample was centrifuged (800 X g for 10 minutes at 4°C) after 
which the supernatant was discarded and the pellet suspended 
in PBSS. Centrifugation was repeated, and the final pellet 
was suspended in PBSS to desired concentration. 
Microscopic adhesion assays were performed by mixing 
brush border suspensions (10®/ml) with bacterial suspension 
(10® colony-forming units/ml suspended in trypticase soy 
broth) in a 1:1 ratio and incubated for 30 minutes on an 
orbital shaker. Three microliters of suspension was placed 
on a microscope slide. Adherence, non-adherence, or weak 
adherence was determined by viewing the suspension with phase 
contrast microscopy. 
Results 
Meishan pigs challenged with K88^ E. coll were 
phenotyped as either resistant to all K88 antigen 
serovariants or resistant to K88ac and K88ab and weakly 
adherent to K88ad pilus antigens. None received colostr\im or 
developed diarrhea or other disease signs. Weight loss 
ranged from 7 to 12% of body weight, and a 10 cm segment of 
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small intestine removed near the ileocecal junction showed 
bacteria loads at 10® colony-forming units/ml (CFU/ml). 
Meishan piglets remained active, alert, and hydrated 
throughout the experiment. 
Fengjing pigs were divided into 3 phenotypic 
combinations of resistance and weak adherence. The three 
phenotypes were resistant to all serovariants (-/-/-), weakly 
adherent to K88ac and resistant to K88ab and ad (wa/-/-), and 
weakly adherent to all three serovariants (wa/wa/wa). Two 
Fengjing pigs of wa.fvei/^a. phenotype consumed a small quantity 
of colostrum, did not develop diarrhea, and maintained body 
weight from birth (±2%). In contrast, 2 Fengjing pigs of 
the wa/wa/wa phenotype which did not receive colostrum 
developed diarrhea and lost 11 and 20% body weight. Four 
Fengjing pigs were phenotyped as weak adherent for K88ac and 
resistant for K88ab and ad (wa/-/-). These pigs received no 
colostrum, developed diarrhea, and experienced percent body 
weight losses similar to those of (wa/wa/wa) phenotype (10 to 
20%). Two pigs had patchy bacteria layers on histopath and 
CFU/ml at 10®. Two other pigs of (wa/-/-) phenotype differed 
in showing no visible lesions on histopath and had 10® 
CFU/ml. 
Minzhu pigs were characterized as susceptible to all 
serovariants, resistant to all serovariants, or susceptible 
to KBSac and non-adherent to K88ab and ad. Two resistant 
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Minzhu pigs (-/-/-) did not receive colostrum, did not 
develop diarrhea, lost 5 and 6% body weight, had no visible 
lesions on histopathology, and had CFU/ml counts at 10^ and 
10®. Four pigs were of susceptible phenotype ( + /+/+) . Of 
these, 2 received colostrum, did not develop diarrhea, had 0 
and 2% body weight loss, had no visible lesions, and had 
CFU/ml at 10'' and 10^. The two pigs (+/+/+) which did not 
receive colostrxim developed diaxrhea, lost 11 and 20% body 
weight, and had necrotic small intestine tissue. Four Minzhu 
pigs of phenotype combination (+/-/-) did not receive 
colostrum, developed diarrhea, had body weight losses ranging 
from 10 to 20%, had patchy bacteria layers, and had CFU/ml 
at 10® (n = 2) or no visible lesions and CFU/ml at 10^. 
Where possible, equal numbers of littermates were used 
as controls and given K88" E. coll. All other environmental 
and handling conditions were identical to those pigs 
challenged with K88ac^ E. coll. Control pigs maintained 
normal hydration, did not develop clinical signs of disease, 
and evidenced no disease symptomology at necropsy. See Table 
1 for summary of experimentally challenged pig observations. 
Table 1—Observations on Meishan, Pengjing, and Minzhu pigs inoculated with K88^ 
Escherichia coli. 
Breed Phenotype Coiostrum Diarrhea %Weight Histopathology Colony forming 
Consumed Present Loss units/ml 
Meishan No No 7 NVL 4.9 X 10^ 
Meishan -/-/via No No 7 NVL 3.9 X 10^ 
Meishan -/-/wa No No 12 NVL 12.6 X 10^ 
Fengjing 
-l-i- No No 5 NVL 4.1 X 10^ 
Fengjing No No 6 NVL 6.0 X 10^ 
Fengj ing wa/wa/wa No Yes 11 Necrotic NA 
Fengjing wa/wa/wa No Yes 20 Necrotic NA 
Fengjing wa/-/- No Yes 10 PBL 4.6 X 106 
Fengjing No Yes 18 PEL 11.7 X 10^ 
Fengjing wa/-/- No Yes 18 NVL 5.2 X 10^ 
Fengj ing wa/-/- No Yes 20 NVL 3.8 X 10^ 
Fengjing wa/wa/wa Yes No 0 NVL 5.0 X 10 
Fengjing wa/wa/wa Yes No 2 NVL 4.6 X 10^ 
Minzhu No No 5 NVL 4.1 X 10^ 
Minzhu No No 6 NVL 6.0 X 10^ 
Minzhu +/+ /  +  Yes No 0 NVL 5.0 X 10^ 
Minzhu +/+ /  +  Yes No 2 NVL 4.6 X 10^ 
Minzhu +/+ /  +  No Yes 11 Necrotic NA 
Minzhu +/  +  /  +  No Yes 20 Necrotic NA 
Minzhu +/-/- No Yes 20 PBL 4.6 X 10^ 
Minzhu +/-/- No Yes 18 PBL 11.7 X 10^ 
Minzhu +/-/- No Yes 18 NVL 5.2 X 10^ 
Minzhu +/-/- No Yes 10 NVL 3.8 X 10^ 
NVL=no visible lesions; PBL=patchy bacterial layers; Necrotic=tissue too necrotic to evaluate; 
NA=Not Available 
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Discussion 
Phenotypes for K88ac were consistent with description of 
the resource population." Additional information on K88ab 
and ad serovariants was included by in vitro assay within 
this study. The lack of clinical signs and/or symptoms and 
observations at necropsy was consistent with the in vitro 
resistant phenotype of purebred Meishan pigs. Fengjing 
piglets of weak adherent K88ac phenotype developed diarrhea 
when exposed to K88ab and ad, in contrast to Sellwood's 
suggestion.^ Our observations indicate the weak adherent as 
a form of susceptibility. Subjective observations of the 
Fengjing pigs which developed diarrhea included unexpected 
alertness and thriving despite all signs and symptoms typical 
of K88-mediated disease. We speculate that with supportive 
therapy, those piglets would have recovered. It would be of 
interest to pursue experiments targeted to ask whether this 
apparent atypical response is associated with K88 phenotype 
or general immune response associated. Minzhu pigs sorted 
into the traditional resistant and susceptible phenotypes. 
Development of clinical signs and symptoms correlated with 
the in vitro phenotype. However, it should be noted that no 
pigs were moribund or died as is typically seen when piglets 
of domestic breeds have been similarly challenged. Weight 
loss was observed. Overall, colony-forming units/ml were 
lower throughout all phenotype combinations than expected 
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based upon domestic breed piglet studies.^ Use of phenotyped 
or retrospectively genotyped dams and sires for challenge 
experiments such as this could provide further understanding 
of the genetics and mechanism controlling diarrheal disease 
in neonatal and postweaning pigs. 
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CHAPTER 6 
CONCLUSIONS 
Diarrheal disease in neonatal and postweaning piglets 
mediated by KSB"" Escherichia coll is a classic example of 
genetic control of disese susceptibility. It has been 
understood to be under monogenic control of autosomal 
recessive nature and has served as model for innate disease 
control. 
Study of innate genetic control of disease 
susceptibility requires multidisciplinary approaches, 
definition/redefinition, questioning of the assumptions upon 
which models are established, and use of unique genetic or 
immunological animal populations. Laboratory systems 
developed for identification of immunogenetic characteristics 
are necessary to further research and provide opportunities 
for field selection of specific types of pigs. 
Use of the Chinese breeds of pigs provided a unique 
opportunity to expand investigation of E. coli-mediated 
disease. The Chinese breeds were unique as selection 
pressures differed vastly in the relatively isolated Chinese 
breeds opposed to selection pressures of pigs removed or 
altered with widespread use of vaccines and antibiotics in 
other regions of the world, particularly the United Kingdom 
and the U.S. 
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The studies reported here were begun shortly after the 
importation of pigs of the Chinese Meishan, Fengjing, and 
Minzhu breeds into the United States. Primary objectives 
were to provide further understanding of the prevalence of 
this susceptibility/resistance E. coli within this unique 
population, develop the basics of an antemortem assay to 
determine genetic status of breeding stock, and 
clinically/challenge piglets from these breeds to correlate 
in vivo phenotypes with clinical disease incidence. 
Resistance or susceptibility of Chinese pigs (n = 289) 
to the K88ac^ E. coli-mediated disease was determined by 
microscopic brush border membrane adherence assay. 
Prevalence of resistance to diarrheal disease in family lines 
(with no common ancestry for a minimum of 3 generations) was 
estimated for the Chinese Meishan, Fengjing, and Minzhu 
breeds. Pigs of the Meishan breed are highly resistant 
(nonadherent) to a KSSac" E. coli-mediated disease based upon 
results of an in vitro assay. The gene conferring 
susceptibility to K88ac^ E. coli-mediated disease exists at 
very low frequency in pigs of the Minzhu breed. Minzhu-type 
(crossbred) pigs of both phenotypes (susceptible and 
resistant) were identified in ratios consistent with a 
one-locus gene model. Frequency of susceptibility within 
this Minzhu population was estimated at 8%. Inheritance 
within the Fengjing breed is unclear because a weakly 
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adherent phenotype, as well as the resistant phenotype, was 
identified. The weakly adherent phenotype was observed in 
pigs derived from multiple fcunily lines. Expression of the 
weakly adherent phenotype in terms of susceptibility was 
determined later in the challenge portion of this work. 
Study of K88 resistance has needed a reliable, 
non-invasive antemortem method to phenotype breeding stock 
for genetic status. Previously, the in vitro method has 
relied on use of small intestine segments obtained 
postmortem. This investigation concentrated on use of a 
scimple other than the intestine. Milk fat globule samples (n 
= 34) of each phenotype from Chinese and domestic breed sows 
were used to test the feasibility of an automated, rapid 
format based on agglutination caused by interaction of K88ac+ 
bacteria in suspension with the milk fat globule membrane 
thought to contain a receptor the same or similar to small 
intestine brush border membranes. In this assay, the 
difference between resistant and susceptible samples was 
significant at P < 0.0001. In comparison to the resistant 
and susceptible phenotypes, the weak adherent phenotype 
showed a different agglutination profile of relative percent 
light transmission. Resistance, weak adherence, and 
susceptibility each had a distinctive value zone 
significantly different from each other. Further, K88ab^, 
K88ad^ and K88ac^ pilus antigen were substituted for K88ac* E. 
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coll with no apparent effect on the test. This is 
encouraging for use of membrane seunples other than intestine 
and substitution of pilus antigen for live bacterial cultures 
in a quantified assay. Another physiological site which 
shares the apical budding membrane process is the epididymis. 
We can speculate that an assay of this type may be possible 
with other samples such as epididymal fluids in semen. 
The brush border membrane In vitro assay result which 
has been called weak adherence is uncleax in meaning. Other 
investigators have noted this phenomenon. Speculation on the 
meaning of weak adherence has included polygenic rather than 
monogenic control, influence of as yet unidentified immune 
factors, and technical or laboratory anomaly. 
Breeding stock from the Chinese pig resource population 
was used to provide piglets of the resistant, susceptible, 
and weak adherent phenotypes for an experimental challenge 
study. This study examined the association of In vitro 
phenotypes with In vivo disease expression and provided some 
insight into the physiological significance of the weak 
adherent phenotype. The resistant and susceptible In vitro 
phenotypes consistently were correlated with disease 
expression after challenge. Specifically, susceptible pigs 
developed severe diarrhea, depression, and dehydration 
whereas resistant and control pigs remained free of clinical 
signs or symptoms. Pigs of the weak adherent phenotype were 
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susceptible to disease when challenged with K88* E. coll and 
showed similar body weight loss percentages as susceptible 
pigs. However, for unknown reasons, the Fengjing piglets 
with diarrhea remained bright, alert, and responsive, unlike 
piglets of the traditional susceptible phenotype. 
These studies have defined the prevalence of genetic 
resistance in Chinese Meishan, Fengjing, and Minzhu breeds. 
A basic technique to quantitatively identify dams' phenotypes 
for resistance to K88* E. coii-mediated diarrheal disease is 
described. Experimental bacterial challenge of neonatal 
piglets of the Chinese breeds with resistant and susceptible 
phenotypes approximated challenge results of domestic pigs. 
Challenge of piglets of weak adherent phenotype resulted in 
diarrheal disease. Further investigation is needed to 
address whether K88 innate resistance is monogenic in light 
of the weak adherent phenotype. The antemortem assay should 
provide a basis for selection leading to a resistant herd. 
Further understanding of the Chinese breeds may provide 
insights into evolutionary immunological mechanisms and 
effects of selection pressures. 
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